Self-Compacting Concrete is a new type of concrete which is more liquid compared to traditional concrete and which does not need any form of external compaction. As a result this type of concrete is suitable for a new placing technique: pumping SCC from the bottom in the formwork and letting it rise in the formwork due to the applied pressure. In order to understand the phenomena occurring during pumping operations, the rheological properties of SCC must be investigated and controlled. Tests have been performed with two different rheometers, which are described in this paper. For the Tattersall Mk-II rheometer, a calibration procedure has been worked out to eliminate secondary flows in the rheometer. Test results indicate that SCC is a thixotropic liquid, having a yield stress, showing shear thickening and having varying properties in time due to the occurring chemical reactions. In this paper, the time dependent effects will not be described. When trying to apply a rheological model to the obtained results, only the modified Bingham model seems appropriate. Applying the Bingham model results in the generation of negative yield stresses while the Herschel-Bulkley model has a parameter with a variable dimension and has a major mathematical restriction. The rheological properties of fresh SCC can be described with the modified Bingham model. A suitable parameter to describe shear thickening is defined as the ratio of the second order term in the shear rate of the modified Bingham model to the linear term (= c/m). 
INTRODUCTION
When casting traditional concrete in a formwork, a high amount of air is entrained and must be removed in order to obtain the desired properties in hardened state, in terms of strength and durability. As a result, the concrete needs to be compacted by applying an external source of energy, mostly vibration. This procedure slows down the casting process and makes the properties of the structure dependent on the skills of the workmen in situ. Insufficient compaction results in a high air content and in a reduction in both strength and durability. On the other hand, too much compaction can lead to segregation resulting in an inhomogeneous product. As a result, a perfectly suitable concrete for a certain application can result in a low quality product if the compaction was not appropriate [1] .
Self-Compacting Concrete (SCC) does not need any form of external compaction, due to its high fluidity and deformation capability. The application of SCC speeds up the casting process and makes the final product less dependent on the skills of the workmen. As there is no compaction needed, this type of concrete allows the producers to fill any formwork in one single operation, avoiding the disadvantages related to casting joints [2] . SCC is also suitable for a new placing technique: the concrete will be pumped in the formwork from the bottom and will rise due to the applied pressure. In order to be able to investigate the phenomena occurring in the pipes and the formwork during pumping operations, the rheological properties of SCC must be studied and controlled [3 -5] .
In this paper, the results of the rheological tests performed on SCC, together with the applied rheometers and the test procedure, will be discussed. In fresh state, SCC behaves as a thixotropic liquid, having a yield stress and losing workability, due to the chemical reactions developing in the concrete [6] . In this paper, we will only focus on the steady-state properties, the discussion of the time dependent effects both reversible (thixotropy) and non-reversible (loss of workability) are beyond the scope of this paper.
MATERIALS: SELF-COMPACTING CONCRETE

WHAT IS SELF-COMPACTING CONCRETE?
Self-Compacting Concrete is defined as a special type of concrete which must fulfil the following three basic properties [2, 7] : I Filling ability: the concrete must be able to flow freely both in horizontal and vertical direction -even upwards if needed -and fill the formwork of almost any shape completely under its own weight only. I Passing ability: the concrete is not allowed to cause any blocking when passing trough narrow gaps caused by the geometry of the formwork or by a dense reinforcement grid. I Stability: during mixing, placement and after casting, the concrete is not allowed to segregate, causing an inhomogeneous mixture. These three basic properties, combined with the absence of the need for compaction make the application of SCC very advantageous in cases of complex geometries of the formwork, cases with dense reinforcement grids and difficultly attainable places.
COMPOSITION OF SELF-COMPACTING CONCRETE
Since the properties of the constituent materials of concrete differ from country to country, from site to site, there is no universal rule to make a good Self-Compacting Concrete. Over the world, small and even large differences in the composition of SCC can be observed [8] . In the following section, the composition of SCC, made in Western-Europe will be described.
As stated in the previous section, the concrete must be very liquid and is not allowed to cause any blocking, which is mainly caused by the coarse aggregates due to a bridging effect. Reducing the amount of coarse aggregates increases the distance between two particles and as a result, the probability of collisions between the particles is reduced [9] . With the mortar fraction of the concrete thereby acting as a kind of lubricant, the fluidity and deformability is increased significantly. In literature, the total amount of coarse aggregates is set at 50% of the volume the aggregates would take in case of closest packing [10] .
Since the amount of coarse aggregates is reduced, one must increase the mortar fraction in order to obtain an equal volume of concrete. The total volume of sand in SCC is set at maximally 40% of the mortar volume and as a result, compared with traditional concrete, a large amount of fine particles (d < 0.090 mm) must be added [10] . This can be achieved by adding cement only, although this is not advantageous neither from an economical point of view, neither for some concrete properties like heat of hydration and shrinkage [2] . Large amounts of cement cause a high thermal gradient in the concrete structure during hardening, causing thermal cracking of the final structure. In order to avoid this thermal cracking, a certain amount of cement is replaced by another fine material of which limestone filler and fly ash are most common in Belgium. Silica fume -which is much finer than cement -and high-fineness ground granulated blast furnace slag can also be applied. Adding a sufficient amount of cement and filler contributes largely to the resistance to segregation of SCC, but in some cases, a viscosity modifying agent, being a material which increases the viscosity of the mixture, can be added.
The amount of water is kept the same as in traditional concrete, in order to achieve at least an equal magnitude of strength. In most cases, the strength of SCC is higher compared to TC with an equal water/cement ratio. This small amount of water results in a very stiff mixture and in order to achieve the desired fluidity, superplasticizers are added [11] . Superplasticizers (SP) are polymers added to the concrete in very small amounts, which interact with the cement particles, avoiding flocculation of these particles. In this way, a better dispersion of the fine particles is obtained and the fluidity is enhanced. Nowadays, different kinds of SP are available, but the one being most effective is polycarboxylic ether based. This kind of SP has a double working principle: it has both an electrostatic repulsion effect, caused by the electrical loads, and a steric hindrance effect, caused by long polymer chains [12] .
Until now, since no rule has been developed for the amount of SP that needs to be added to the concrete, the amount of SP is still determined by trial and error. Not enough SP results in low fluidity and a non-self-compacting concrete. Too much SP can result in segregation of the concrete, causing an inhomogeneous material. The workability of the produced SCC has been analysed using the standard tests described in [13] .
CONCRETES TESTED
In total, more than 60 different SCC mixtures have been tested in the rheometers. The composition of the reference mix is given in Table 1 . Within the research project, other compositions have been experimentally verified as well, changing different properties like gravel type, cement type, filler type, type of superplasticizer, amount of cement, amount of water, amount of filler, … . In this paper, the applicability of different rheological models is described based on the experimental results obtained for the reference mix. For the other compositions, similar results have been obtained. Any time-dependent behaviour has been excluded in this paper. As chemical reactions occur in the concrete, all properties vary in time. In order to make an analysis of the time independent behaviour, the test results obtained at 15 minutes of age, which corresponds to 15 minutes after water addition, are considered in this paper. No results have been obtained at earlier ages, because the SCC needs time to be mixed (at least 5 min), to be sampled and the equipment needs to be filled properly.
METHODS: RHEOMETERS AND TESTING PROCEDURE
CONTEC VISCOMETER 5
This type of rheometer, which has been explicitly designed to measure the rheological properties of concrete, is based on the principle of the coaxial cylinders [6, 14, 15] . A set of rotational velocities is imposed at the outer cylinder and the resulting torque is measured at the upper part of the inner cylinder. The lower part of the inner cylinder is fixed and does not participate in the measurement of the torque. As a result, no complex 3-D flow-effects at the bottom of the reservoir are taken into account, and the pure coaxial flow has been realized in the section of the rheometer where the measurements are being performed [6, 16] . The radii of the inner cylinder, R i , and outer cylinder, R o , are 100 and 145 mm, respectively. The heigth, h, of the upper inner cylinder which is submerged into the concrete measures 160 mm. Both the inner and outer cylinders are equipped with ribs to prevent slippage between the concrete and the steel surface [17] . The Contec viscometer 5 is depicted in Figure 1 . To perform a measurement, the rotational velocity decreases in function of time in steps of 3 seconds (see also Section 3.3). The first second of each step serves for the decrease in rotational velocity and during the remaining two seconds, measurements of the rotational velocity and the torque are performed at a rate of 50 Hz. For each time step, the five lowest values of rotational velocity, N, and torque, T, are averaged and represent a single point in a T-N-diagram. In total 15 data points are generated and the best fitting line is calculated. The intercept of this line with the T-axis is called 'G' and the inclination of this line is 'H'. With these values of G and H, the Reiner-Riwlin equation (Eq. 1 -2) [6, 18] can be applied in order to obtain yield stress, t o , and plastic viscosity, m, independently of the velocity distribution in the gap between outer and inner cylinder.
(1)
The major disadvantage of this method is the application of a linear rheological model to the obtained results, which is necessary to apply the Reiner-Riwlin equation. In order to be able to describe non-linear rheological properties, the obtained data of rotational velocity and torque must be processed in another way. In [19] formulae are available to transform N and T into the fundamental rheological parameters shear stress and shear rate. These formulae have been adapted by [20] and have the following form (Eq. 3 -4):
These formulae can be used for any material, independently from the real rheological properties. The only requirement is that the velocity distribution in the gap must be linear, which can be achieved if the gap is small (R i /R o > 0.99). This requirement is not fulfilled in this case, resulting in a small error in the test results [16, 20] .
TATTERSALL MK-II RHEOMETER
This rheometer, which is depicted in Figure 2 , has been developed by Tattersall in the 1970's in order to measure the rheological properties of traditional concrete [21 -23] . The inner cylinder
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Applied Rheology Volume 17 · Issue 5 has been equipped with blades from a historical point of view, in order to remix the concrete to avoid segregation. The outer cylinder is also provided with ribs to prevent slippage between the concrete and the steel surface. This rheometer is also based on the principle of the coaxial cylinders, but the rotational velocity is imposed at the inner cylinder in steps of 5 seconds. The resulting torque is also measured on the inner cylinder. Both rotational velocity and torque are measured at a frequency of 5000 Hz. For each 2000 measurements, an average value is displayed and saved in a data file. The radius of the outer cylinder is 125 mm, the distance between the edges of the blades is 160 mm in horizontal direction and 140 mm in vertical direction. In this configuration, it is not evident to define the radius of the inner cylinder in order to apply the formulae mentioned in Section 3.1. Therefore, a calibration procedure has been performed with a Newtonian liquid (polyisobutene) and a Bingham liquid (honey) [23] . These liquids have been tested in the Tattersall Mk-II rheometer and in a cone and plate rheometer [16] .
The polyisobutene (PiB) has been tested three times at each of the three different temperatures: 26.9°, 17.4° and 5.75° C. The results from the cone and plate rheometer, on which the same measurement procedure has been applied, indicate that PiB is a Newtonian liquid, having large variations in viscosity due to temperature changes ( Figure 3) . When testing this liquid in the Tattersall Mk-II rheometer, no perfect linearity has been obtained, which can be seen in Figure  4 . A certain deviation from the linear law occurs in cases of a low torque and low rotational velocity together. If one of those parameters is high enough, a linear relation is obtained. Based on the tests performed, a region can be described as the "zone of non-linearity", and is defined by T = 1 -N/55. Outside this region, the linear behaviour is perfect; inside the region, the relation can be described as T = AN 2.55 .
These phenomena are possibly caused by the structure of the rheometer. At low torque and low rotational velocity, it could be that the liquid only flows between the blades, describing a nonlinear relation. When increasing T and N, the flow also develops in the other part of the rheometer (where normally the flow should occur), describing a linear relation. At a random value of T and N, both phenomena are superposed.
Results from the tests with the cone and plate rheometer indicate that honey can be classified as a Bingham liquid, having a yield stress and a plastic viscosity ( Figure 5) . This material has been tested at four different temperatures: 34.5°, ty. In order to obtain comparable results with the Tattersall rheometer and the cone and plate rheometer, the following corrections on the data of the Tattersall rheometer must be performed: 1) When extrapolating the regression line of the data points in the linear zone, all lines intersect in one point, in case of a Newtonian liquid (Figure 6 ). If a material has a yield stress, the line will be situated above the line of a material having an equal viscosity and no yield stress. The difference of the intersection of those two lines (with and without yield stress, but having the same inclination) with the T -axis results in the real "yield torque". Where N i represents the N value of the intersection of the original N -T curve with the edge of the zone of non-linearity. This procedure leads to a linearization of the data points and a shrinkage of the zone.
Step 3 and 4 lead to an equal result for N' in case a data point is situated on the edge of the zone of non-linearity. 5) The obtained torques must be corrected in order to obtain the real "yield torque" obtained in step 1. The application of these 5 steps to the test results from the Tattersall Mk-II rheometer are shown in Figure 7 for honey. By comparing Figure 7 with the results obtained with the cone and plate rheometer ( Figure 5 ), the calibration constants to transform torque to shear stress and rotational velocity to shear rate can be calculated. The results obtained at 34.5°C have been omitted, because the resulting values obtained with the Tattersall rheometer are very low and cannot be considered as accurate.
In case the material does not show a linear relationship between shear stress and shear rate, as it is for SCC, some modifications can be applied: 1) Instead of extrapolating the data from the zone of linearity, the best fitting line through the first five data points is used to calculate the real yield stress. This is justified since in most cases maximum 2 data points (of 11 in total) are in the zone of non-linearity.
2) The value of N a is calculated as the N value corresponding to T 0 for the line obtained in the previous step. These modifications lead to the introduction of a new error, but comparison of the results obtained with equivalent SCCs with both the Contec Viscometer 5 and the Tattersall Mk-II rheometer indicate that a similar plastic viscosity and a slightly higher (± 30 Pa) yield stress is obtained in case of the Tattersall MK-II rheometer.
MEASUREMENT PROCEDURE
Each concrete mixture has been tested in the rheometer at different ages after the time the water has been added. Most concretes have been tested at 15 and 30 minutes after water-addingtime. If the workability remained sufficiently good during time, the rheological properties were also evaluated at 60, 90, 120 and even 150 minutes of age. In this paper, only the results of the rheological tests performed on the reference mix at 15 min of age will be discussed. The other concretes show a similar behaviour and all concretes show a loss of fluidity as a function of time.
In order to obtain the rheological properties in equilibrium state, thixotropy must be eliminated. This is performed by decreasing the rotational velocity stepwise, in analogy with the Con- onds) to eliminate thixotropy. By decreasing the rotational velocity stepwise, the torque reaches the equilibrium very fast (Figure 8 ) [24] . All data points with a constant N and T are averaged per time step resulting in 11 (N, T)-points. If the torque at a certain rotational velocity was not constant during (a part of) the measuring period, the corresponding values of N and T have not been taken into account in the averaging procedure. The obtained results for N and T are transformed to shear stress and shear rate, applying the calibration constants, and the results for the reference mix are shown in Figure 9 . The authors would like to remark that the test results are expressed in linear graphs, as this is traditional in concrete rheometry. Also, the maximum shear rate is kept very low (12 s -1 ), since in practice, no higher shear rates will occur, and if they do, the constituent materials will separate and cause inhomogeneity of the concrete [3] .
APPLICATION OF DIFFERENT RHEOLOGICAL MODELS
BINGHAM MODEL
The Bingham model, presented in Eq. 5, has two parameters: yield stress, t o , and plastic viscosity, m. This model has been widely applied in the history of concrete rheometry to describe the rheological behaviour of both traditional and selfcompacting concrete [6, 21] .
Applying this model to the data obtained from our reference mix (and also a lot of other mixes) results in a negative yield stress, which is physically impossible. In Figure 10 , in the region of low shear rates, it can be seen that the Bingham model underestimates the shear stress. When looking at the full graph, shear thickening can be observed. As a result, this model is not valid to describe the rheological properties of this SCC.
HERSCHEL-BULKLEY MODEL
In order to solve the problems occurring with the application of the Bingham model, a non-linear model can be used to describe the rheological behaviour of SCC [25] . The most common nonlinear model, having also a yield stress, is the Herschel-Bulkley model (Eq. 6). The non-linearity is expressed by the exponent, n, in the equation and indicates shear thinning if n < 1, shear thickening if n > 1 and the Bingham model if n = 1. This model has been applied to the test results and delivers a better fit of the test data, when compared with the Bingham model. Also a positive yield stress is obtained ( Figure 10 ).
On the other hand, this model has two major disadvantages. In Eq. 7, the derivative of the H-B equation to the shear rate indicates that, in case of shear thickening, the inclination of the curve approaches '0' for very low shear rates, resulting in an overestimation of the yield stress. This can also be seen in Figures 10 -11 , where the H-B-curve is situated above the data points from the tests. When looking more in detail to the physical interpretation of the parameters, large difficulties arise when trying to analyse the parameter, K. The dimension of this parameter is [Pa·s n ], thus depending on n and as a result, the dimension of K is variable, having no physical meaning. In order to describe the rheological behaviour of SCC, a model with the following properties is needed: 
MODIFIED-BINGHAM MODEL
The modified-Bingham model has been applied in [26] to investigate the yield stress of cement pastes, determined by different models. This model, which is described in Eq. 8, has been applied to the test data and can be seen in Figure  11 . This model fulfils the three criteria stated in Section 4.2 and as a result, it can be regarded as a model suitable to describe the rheological behaviour of the SCCs tested.
This model can be regarded as an extension of the Bingham model with a second order term, but also as a second order Taylor development of the Herschel-Bulkley equation, which is justified since the parameter n in H-B rarely exceeds the value 2. This Taylor development, taken around a random point 'a' is theoretically described in Eq. 9. Rearranging all terms and taking the ratio of the second order term to the linear term results in a theoretical relation between c/m (modifiedBingham) and n (Herschel-Bulkley) (Eq. 10).
In practice, this relation has also been observed. In Figure 12 , the black dots represent the obtained test data (from different mixes of SCC at different ages). The grey line represents Eq. 10 which has been fitted to the obtained results. As a result of this fitting, a value of the random parameter, a, equal to 7. 
DIFFERENCES BETWEEN SCC AND TC
Comparing different concretes is a very difficult action, due to the dependency of a lot of properties on the composition of the concrete in fresh, hardening and hardened state [2] . Most properties in concrete science depend largely on the mass-ratio of water to cement. In Figure 13 , the reference mix of Self-Compacting Concrete has been compared with a traditional concrete, having the same amount of cement and water (w/c = 0.45). It can be seen that SCC is much more fluid, compared to the traditional concrete: the yield stress is much lower, but a higher plastic viscosity can be observed. Traditional concrete does not show any shear thickening and can be described using the Bingham model. In Figure 14 , a very fluid SCC, having an equal composition as the reference mix, but a higher amount of superplasticizer, has been compared with a traditional concrete, having an equal amount of cement and a water-to-cement ratio, w/c, of 0.55. From a rheological point of view, both concretes are approximately equal, only the traditional concrete shows no shear thickening. According to the European standards on durability of concrete [27] , SCC having a w/c of 0.45 can be applied in any construction. The application of the traditional concrete considered here, with a w/c of 0.55 is much more restricted. This SCC has also a significantly higher strength compared to this traditional concrete, because also strength is dependent on w/c.
CONCLUSIONS
In order to investigate the phenomena occurring during pumping of Self-Compacting Concrete, an extended experimental study of the rheology of SCC has been performed with two different rheometers. These two rheometers are based on the principle of the coaxial cylinders. The ContecViscometer 5 has a rather simple geometry and available formulae can be applied to calculate the shear stress and shear rate. The Tattersall-
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Applied Mk-II rheometer has a more complex geometry. A calibration procedure has been worked out to eliminate secondary flows and transforming the data of torque and rotational velocity to shear stress and shear rate. Self-Compacting Concrete can be classified as a thixotropic liquid having a yield stress, showing shear thickening and having a decrease in workability (fluidity) in time due to chemical reactions. The Bingham model cannot be applied to describe the rheological properties of SCC, due to the generation of negative yield stresses. The Herschel-Bulkley model describes the behaviour better, but it has a parameter with a variable dimension and it overestimates the yield stress, due to a mathematical restriction in the region of low shear rates. The modified-Bingham model, being an extension of the Bingham model and a second order Taylor development of the Herschel-Bulkley model, is suitable to model the rheology of SCC. Shear thickening can be analysed by the parameter c/m.
When comparing a Self-Compacting and a traditional concrete, suitable for standard practical applications according to the European standards, SCC is much more fluid from a rheological point of view. Traditional concrete can be made as fluid as SCC, but the traditional concrete has less strength and cannot be applied in all situations when considering durability.
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